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Semi-active resetable devices are emerging as an effective method of mitigating structural damage from seismic excitation, and have several benefits over passive and active systems (Barroso et al., 2003; Jansen and Dyke, 2000; Yoshida and Dyke, 2004). The absence of a large power source makes them simpler than a fully active system. Semi-active systems offer a broader range of control than tuned passive systems and are therefore able to respond better to changes in structural behaviour due to non-linearity, damage or degradation. Furthermore, semi-active devices do not add energy to the system, guaranteeing stability (Hunt et al, 2002).
Recent research has examined semi-active re-shaping of hysteretic behaviour (Mulligan et al, 2005a). However, studies have neither investigated the relative effects of different control laws on structural response, nor quantified that impact statistically over suites of ground motions. Hence, there has been no means to incorporate novel semi-active systems into performance based design.
Semi-active resetable devices offer the unique opportunity to sculpt or re-shape the structural hysteresis loop to meet design needs. For example, given a sinusoidal response, a typical viscously damped, linear structure has the hysteresis loop definitions schematically shown in Figure 1a, where the linear force deflection response is added to the circular force-deflection response due to viscous damping to create the well-known overall hysteresis loop. Figure 1b shows the same behaviour for a simple resetable device where all stored energy is released at the peak of each sine-wave cycle and all other motion is resisted (Jabbari and Bobrow, 2002). This form is denoted a “1-4 device” as it provides damping in all four quadrants. A stiff damper will dissipate significant energy. However, the resulting base-shear force is increased. If the control law is changed such that only motion towards the zero position (from the peak values) is resisted, the force-deflection curves that result are shown in Figure 1d. In this case, the semi-active resetable damper force reduces base-shear demand by providing damping forces only in quadrants 2 and 4; a “2-4 device”. Figure 1c shows a damper that resists motion only away from equilibrium and increases base shear, a “1-3 device”.

This paper investigates the relative effect the resetable control laws in Figures 1 have on seismic structural response. When considering the effect of the additional resetable device stiffness on the structure, it is important to consider several factors, including structural period in non-linear resetable device stiffness response reduction. Structural response spectra are thus utilised to relate these factors to design guidelines.
2	DEvice dynamics

Semi-active devices are hydraulic spring elements with a resetable un-stretched spring length, and therefore add a non-linear stiffness to the structure without altering the damping. Piston displacement stores energy by compressing the working fluid, with peak energy storage occurring at the peak displacement position. At this point, the stored energy can be released by discharging the fluid/air to the non-working side of the device, thus resetting the un-stretched spring length, as seen in Figure 2a. This approach yields the 1-4 device behaviour of Figure 1b.




By utilising a common, well-understood fluid such as air, analyses and modelling of the device is made simpler (Mulligan et al, 2005a). Furthermore, utilising air the atmosphere is the fluid reservoir, eliminating the need for complex external plumbing systems. These factors are added advantages over more complex counterparts such as, electro- or magneto-rheological dampers (e.g. Dyke et al, 1996; Spencer et al, 1997).
Independent valves allow more time for pressures to equalise during the valve reset. While one chamber is under compression, the previously reset chamber can have the valve open to allow the pressure to equalise, as this does not affect the compression in the working chamber. This approach would not be feasible in the design of Figure 2a, as extending the valve reset time prevents the other chamber from storing energy.
Each chamber volume can be directly related to the piston displacement. Opening the valve of the compressed chamber dissipates the stored energy. If the working fluid behaves as an ideal gas, then the ideal gas law can be utilised (Bobrow et al. 2000).
	(1)
where γ is the ratio of specific heats, c is a constant and p and V are respectively the pressure and  volume in a chamber of the device. Assuming the piston is centered and the initial chamber pressures are P0 with initial volumes, V0, the resisting force is a function of displacement, x:
	(2)
For small motions, Equation (2) can be linearised. 
	(3)
where A is the piston area. The effective stiffness of the resetable device is therefore defined:
	(4)
Similar equations can be used to independently model the pressure-volume status of each chamber of the device in Figure 2b. Equation (4) can then be used to design a device to produce set resisting forces for specified displacements, or set added stiffnesses, by parameterising the design space (Mulligan et al, 2005a). 
3	Method oF analysis

This paper investigates the relative effectiveness of the three different control laws in Figures 1b‑d by simulating the effect of the different valve control laws on the response of a seismically excited single degree of freedom structure fitted with a semi-active device. The model structure includes internal structural damping of 5%. The research utilises three earthquake suites from the SAC project (Sommerville et al, 1997), representing ground motions having probabilities of exceedance of 50%, 10%, and 2% in 50 years respectively in the Los Angeles region, referred to as the low, medium and high suites, respectively. Response statistics are generated from the results of each probabilistically scaled suite.
Response spectra are generated for structural displacement, structural force, total base shear, and the area under the response spectra in the T = 0.5 – 2.5 sec range. Structural force is the base shear for a linear, un-damped structure, and the total base shear is the sum of the structural force and the resisting forces from the semi-active resetable device. 
The resetable device results are represented by reduction factors, normalised to the uncontrolled results. These multiplicative factors enable easy comparison of the different control laws. Such spectra were created for each device type and devices of 50% and 100% stiffness, as compared to the stiffness of the single degree of freedom structure.
The distribution of responses can be modeled by a log-normal probability density function. Thus, the spectra can be analysed using the appropriate lognormal statistics (Kennedy et al, 1980). Variables within each suite may thus be represented by a median (the log-normal mean) and log-normal standard deviation (Limpert et al., 2001), referred to herein as the dispersion factor (). 
The median indicates the expected value of the response while the dispersion factor indicates the relative spread over the suite of ground motions. Utilising complete earthquake suites rather than individual earthquakes eliminates the likelihood of erroneous conclusions being drawn due to atypical performance for a single earthquake. Thus, these two parameters are plotted against natural period to investigate overall trends.
Finally, empirical equations are derived to approximate the reduction factors for a given amount of additional stiffness. These equations allow future applications of resetable devices to be extended to accepted structural design analysis methods.
4	results and discussion	
4.1	Structural force and base-shear results
The geometric mean structural force reduction factors for each suite are presented for the 1-3, 2-4, and 1-4 control laws in Figures 3a-c respectively. The results indicate that the reductions are largely independent of the suite used. Therefore, in Figure 3d, the structural force reduction factors are averaged across all three suites and plotted for all three device types. These overall average reduction factors indicate the relative ability of the different control laws at reducing the seismic demand on the columns, and indicate that the 1-4 device is about twice as effective as the 1-3 and 2-4 devices. Specifically, the reductions factors are approximately 0.65-0.8 for the 1-3 and 2-4 devices, which are very similar, and 0.4-0.5 for the 1-4 device. This result is expected as the 1-3 and 2-4 devices only operate over two quadrants, whereas the 1-4 device operates over all four quadrants. As such, the 1-4 device will have longer active strokes, and thus store and dissipate more energy.
Similarly, total base-shear reduction factors for 100% additional stiffness were plotted against natural period for each control law in Figures 4a-c and averaged across all suites in Figure 4d. Figures 4a-c indicate the relative reduction in base shear across the earthquake suites, whereas Figure 4d indicates the relative ability of the three control laws at reducing foundation demand. In this case, only the 2-4 device achieves significant reductions, with the 1-3 and 1-4 devices resulting in substantial increases across most of the spectrum. Again, the reductions achieved are largely suite invariant. 
4.2	Displacement Spectral Area Reduction Factors
The structural force and base-shear reduction factors were observed to be largely suite invariant and approximately constant within the natural period range of 0.5 to 2.5 seconds. The area under the displacement response spectra from structural period of 0.5 to 2.5 seconds is therefore examined as an indication of the magnitude of the response over this range. This range is a critical region for earthquake resistant design, above which the predominant design factor is wind loading. The area under the displacement response spectra was numerically integrated for each earthquake and normalised to the uncontrolled case to give area reduction factors. The geometric mean of these area reduction factors was taken for each suite and then averaged across all three suites due to the previous results displaying suite invariance. Figure 5 shows the reduction factors for the three control laws, with values of 0, 20, 50, 80, and 100% additional device stiffness. 
 The reduction factors for the 1-3 and 2-4 control laws range from 1.0 to approximately 0.65 as the additional stiffness is increased from 0% to 100%. The 1-4 control law shows the greatest reduction, with a reduction factor of approximately 0.4 for 100% additional stiffness. These results are consistent with all the prior results.
4.3	Empirical Area Reduction Factor Equations
To extend resetable devices to design analysis, empirical equations are fitted to the results to approximate the reduction factors for a given percentage of additional resetable device stiffness. The area reduction factors calculated from the empirical equations are also plotted in Figure 5. The form of the empirical equations is defined:
	(5)
where R is the multiplicative reduction factor, and B is the divisive reduction factor; Kresetable is the additional stiffness provided by the resetable device; Kstructural is the structural stiffness; and C is a constant dependant on the control law, and has a value of 1.43, 1.59, and 5.75 for the 1-3, 2-4, and 1-4 control laws respectively.
4.4	Displacement Reduction Factor Results
Displacement spectra were generated for every earthquake record and all three control laws at 0, 50 and 100% additional resetable stiffness, and normalised to the uncontrolled case to obtain the displacement reduction factors. These reduction factors are presented in Figure 6. The reduction factor values given by Equation (5) are also plotted to indicate how accurately these equations represent the actual displacement reduction factors. Although some variation from the empirical equation can be seen above T = 3.0 seconds, the empirical equations are appropriate over the constant velocity region of the spectra (T = 0.4 - 3.0 seconds).
To investigate the suite dependence of these reduction factors, the normalised reduction factors are calculated, defined as the geometric mean reduction factor derived from each suite divided by the overall geometric mean reduction factors from all ground motion records. These normalised reduction factors give an indication of the relative performance of the resetable devices across each suite, where a value close to 1.0 indicates little deviation from the overall average. The results are presented in Figure 7, and show that the displacement reduction factors are largely suite invariant.

4.5	Analysis of Spread
To examine the spread of results, the dispersion factor, , of the normalised displacement spectra are plotted in Figure 8. This figure indicates the consistency with which the different control laws mitigate response for a range of ground motion records. They indicate that the 1-4 control law has noticeably larger record-to-record variability than the 1-3 and 2-4 devices. Over the typical range, dispersion factors of  = 0.2-0.25 can be expected for the 1-3 and 2-4 control laws, whereas for the 1-4 damper this increases to  = 0.3-0.35. Again, the results are largely suite invariant. 
5	RElative Performance
5.1	1-4 Control Law
Overall, the results show several, perhaps expected, phenomena. The 1-4 control law shows the biggest reduction in both displacement response and structural force. However, it results in substantial increases to the total base-shear force. This result is evident in Figure 4, with reduction factors up to approximately 1.6 at high periods, representing a 60% increase in the total base shear. Such a result may be of little consequence for new, purpose designed structures, as the foundation can be strengthened to account for the 1-4 device.
5.2	1-3  Control Law
Figure 4d shows similar trends in base shear demands for the 1-3 and 1-4 control laws with slightly larger increases for the 1-3 device across a majority of the spectrum. As with the 1-4 device, the peak reduction factor is 1.6. Hence, the 1-3 device has the same undesirable impact as the 1-4 device with reductions in displacement response coming at the expense of an increase in total base shear. Hence, it may be less desirable to resist motion away from equilibrium for these reasons. 
5.3	2-4 Control Law
Increased foundation loads are of potentially high importance for retrofit applications where it is neither practical, nor feasible, to strengthen the foundations. The 2-4 control law is very effective at reducing displacement response, as seen in Figure 6, with reduction factors of approximately 0.7-0.85, and 0.55-0.75 for 50 and 100% added stiffness respectively. The spread of the results across the suites in Figure 8 shows only minimal deviations across the spectrum. The 2-4 control law is the most consistent across all ground motion records, and indicates that the 2-4 device, in particular, is suite invariant and equally appropriate for both near field or far field ground motions.
The significant advantage of the 2-4 control law over its counterparts is its ability to provide displacement and structural force reductions, while also reducing the total base-shear transmitted to the foundation. This result is of particular interest if considering retrofit applications. More specifically, 2-4 resetable damping offers unique opportunities to add supplemental damping that are not readily available via more traditional, passive damping devices.
Overall, the most applicable approach to sculpting hysteretic behaviour depends on the critical design parameters. If the foundations can be strengthened appropriately, and reduced column demand is the critical parameter, then it is best to implement the 1-4 control law. However, if the strength of the foundation is limited, or important in a retrofit application, a 2-4 control law is better.
6	Conclusions
This research demonstrates that the novel new two chamber, resetable device design allows a broader range of control laws than conventional semi-active devices. These broader control laws provide the ability to semi-actively re-shape hysteretic behaviour to provide the most appropriate hysteresis loop for a given application. The following basic conclusions can be drawn: 

	Hysteretic behaviour can be re-shaped to minimise structural force or base-shear. 
	All three device types reduce structural demand effectively.
	All three control law devices are largely suite invariant indicating robustness to the type of ground motion encountered.
	The 2-4 device is the only device that reduces total base shear, as well as structural force and displacement response. These devices add damping only in the 2nd and 4th quadrants, providing a unique opportunity for structural retrofit.
	The ability to actively re-shape hysteretic behaviour holds significant promise in the ability to mitigate seismic structural damage.

Overall, the methods presented can be generalised as an effective analysis approach to other semi-active or passive devices. The resetable device control laws can also be readily generalised to other working fluids or devices. Most importantly, the approach presented is amenable to direct use in performance based design methods, increasing the ability to consider these devices and methods in more practical design. 
7	REferences
Barroso, L R, Chase, J G and Hunt, S J, 2003. Resetable Smart-Dampers for Multi-Level Seismic Hazard  Mitigation of Steel Moment Frames, J. of Struct. Control, vol. 10(1), pp. 41-58.
Bobrow, J E, Jabbari, F, Thai, K, 2000. “A New Approach to Shock Isolation and Vibration Suppression Using a Resetable Actuator,” ASME Transactions on Dynamic Systems, Measurement and Control, vol 122, pp. 70-573.
Dyke, S.J, Spencer, B.F, (1996) ‘Modelling and Control of Magneto-Rheological Dampers for Seismic Response Reduction,” Smart Materials and Structures, vol 5. pp. 565-575. 
Hunt, S., Chase, J. G. and Barroso, L. R. (2002). "The Impact of Time Varying Equilibrium Location in the Semi-Active Control of Non-Linear Seismically Excited Structures,” Proc. of the 7th International Conf on Control, Automation, Robotics and Vision (ICARCV 2002), pp. 892-897, December 2-5, Singapore.
Jabbari, F and Bobrow, J E, 2002. “Vibration Suppression with a Resetable Device,” ASCE J. of Eng. Mechanics, vol. 128(9), pp. 916-924.
Jansen, L M and Dyke, S J, 2000. “Semiactive Control Strategies for MR Dampers: Comparative Study,” J. of Eng. Mechanics, vol. 126(8), pp. 795-803.
Kennedy R.P., Cornell C.A., Campbell R.D., Kaplan S., and Perla H.F., 1980, Probabilistic Seismic Safety Study of an Existing Nuclear Power Plant, Nuclear Engineering and Design No.59, pp315-338
Limpert E, Stahel WA, Abbt M. Log-normal distributions across the sciences: keys and clues. Bioscience 2001; vol 51(5), pp. 341–352.
Mulligan, KJ, Chase, JG, Gue, A, Alnot, T, Rodgers, GW, Mander, JB, Elliott, RE, Deam, BL, Cleeve, L and Heaton, D, (2005a). “Large Scale Resetable Devices for Multi-Level Seismic Hazard Mitigation of Structures,” Proc. 9th International Conference on Structural Safety and Reliability (ICOSSAR 2005), Rome, Italy, June 19-22.
Sommerville, P, Smith, N, Punyamurthula, S, and Sun, J, 1997. "Development of Ground Motion Time Histories for Phase II of the FEMA/SAC Steel Project." SAC Background Document Report No. SAC/BD-97/04.
Spencer, B F, Dyke, S J, Sain, M K, Carlson, J, (1997). “Phenomenological Model for Magneto-Rheological Dampers,” ASCE J. of Eng. Mechanics, vol 123, pp. 230-238.


































Figure 8: Dispersions, , of the displacement reduction factors.

Figure 7: Displacement Reduction Factors for each suite normalised to the average value across all ground motion records for 50% and 100% added stiffness, for each control law.


Figure 6: Displacement Reduction Factors for 50% and 100% added stiffness for all three control laws. Also shown are the reduction factors given by Equation (5).













Figure 4: Base-shear reduction factors (a-c) show the reduction factors for each suite and device, and (d) shows the averages across all suites for each device.

Figure 3: Structural Force reduction factors – a-c show each suite and device, d) shows the results averaged across all suites.




















Figure 1: Schematic hysteresis for a) viscous damping, b) a 1-4 device, c) a 1-3 device, and d) a 2-4 device. FB = total base shear, FS = base shear for a linear, undamped structure. FB > FS indicates an increase due to the additional damping.
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